SUMMARY To determine the effect of respiration on systolic and diastolic time intervals, simultaneous phonocardiograms, carotid pulse tracings, M mode echocardiograms, and respiratory curve tracings were measured in 25 healthy subjects. The positioning of each cardiac cycle in relation to the phase of respiration was assessed and the dependency of heart rate and cardiac time intervals on respiration was examined. Heart rate clearly varied over the respiratory cycle. Where necessary the time intervals were corrected for heart rate or RR interval. The systolic time intervals showed a stronger dependency on respiratory group than the diastolic time intervals. The decrease in left ventricular ejection time and increase in pre-ejection period and isovolumic contraction time during inspiration support the idea that a relative increase in afterload in inspiration determines left ventricular systolic function. Isovolumic relaxation time also showed cyclic behaviour whereas the left ventricular filling time was affected by inspiration only. Filling time increased significantly when there was a transition from expiration to inspiration during left ventricular ejection. It seems that when isovolumic contraction takes place in expiration the diastolic intervals of this cycle take on an expiratory character. The 
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The stroke volume of the left ventricle decreases during normal inspiration. This decrease is reflected in changes in left ventricular systolic time intervals: studies with normal subjects and various groups of patients have shown an increase in the pre-ejection period and a simultaneous decrease in left ventricular ejection time during inspiration.`13
The mechanisms proposed to explain the drop in systolic efficiency postulate Accepted for publication 19 March 1987 increasing the effective left ventricular afterload.
To obtain a clearer understanding of the mechanisms of the effects of respiration on the temporal events of the cardiac cycle we studied the changes of both the systolic and diastolic time intervals during the respiratory cycle in 25 
Respiratory modulation of cardiac time intervals time and left ventricular filling time).
Each of the above groups defines a particular coupling of the respiratory and cardiac rhythms. The group notation 1 to 8 does not represent the natural time course of respiration.
STATISTICAL ANALYSIS
The dependency of heart rate and the various cardiac time intervals on the respiratory group was determined by analysis of variance. Linear regression analysis was used to determine the dependency of the cardiac time intervals on heart rate and RR interval. Student's t test was used to determine the statistical significance of differences in intervals between consecutive cardiac cycles.
Results
The mean (SD) number of beats analysed per subject was 47 (4 8) and the mean number of respiratory cycles was 9 (2 7). Because of the variation in heart rate caused by respiration (p < 0.0001) we examined cardiac intervals for their dependency on heart rate and RR interval (table 1) . Left ventricular ejection time and isovolumic relaxation time were more significantly associated with heart rate, and left ventricular filling time and isovolumic contraction time more with RR interval. In all further examinations 131 of the results we corrected these variables for these associations.
Analysis of variance showed a significant difference between the groups for each interval (table 2). The difference was strongest for the systolic intervals (p < 0 0001), strong for filling time (p < 0 01), and slightly weaker for isovolumic relaxation (p < 0.05). Fig 3 shows the values of each cardiac time interval in each of the eight respiratory groups.
PRE-EJECTION PERIOD
Pre-ejection periods were longest at the transition from inspiration to expiration (group 4) and shortest at mid-expiration (group 6). The pre-ejection values within the second half of expiration (group [6] [7] [8] were approximately the same and increased progressively depending on the timing in inspiration.
ISOVOLUMIC CONTRACTION TIME
The results for the isovolumic contraction time generally resembled those for the pre-ejection period. Values reached a maximum slightly sooner, towards the end of inspiration (group 3), and remained at that level into expiration (group 4). Although at mid-expiration isovolumic contraction time fell to low values resembling those in the pre-ejection Posture may be another explanation for the differences between our study and earlier studies. Others have shown that several cardiac variables differ significantly depending on whether they are measured while the subject is supine or sitting. 15 -17 It is therefore not unreasonable to expect that respiration will have a greater effect on heart rate in the sitting position than in the supine. The difference between maximum and minimum heart rates was [5] [6] beats/min; this was considerably higher than the difference measured by others in supine subjects. The behaviour of these intervals is symmetrical except for the second half of expiration. It is not obvious why ejection values become progressively smaller. Furthermore, in the second half of expiration pre-ejection period values remain relatively constant and isovolumic contraction produces a markedly lower value at the changeover between expiration and inspiration. As mid-expiration seems to be the tuming point for these developments, we studied the beats in the second half of expiration more closely. We examined two consecutive beats when inspiration began during the isovolumic relaxation or filling time (that is in diastole) of the second beat. The systoles of both beats therefore lay in the second half of expiration. Table 3 shows that the systolic time intervals of these two beats were not significantly different. We assume, therefore, that the variation in the values of systolic time interval in the second half of expiration (groups 6 and 7) is more or less random. This could well be a result of the intrathoracic pressure conditions produced by end expiratory apnoea.
We also studied the pronounced drop in the isovolumic contraction time in group 8 by examining consecutive beats in which the inspiration started in systole (that is during either isovolumic contraction or ejection time). When inspiration started in the ejection time of the second beat, the duration of this interval decreased significantly (p < 0-01). Isovolumic contraction also shortened, although not significantly. The drop in both values (when a drop in one value would be expected to be accompanied by an increase in the other) can be explained by the fact that isovolumic contraction still occurs in expiration whereas ejection time is already affected by the inspiratory drop in pleural pressure. This means that the opening of the aortic valve occurs under expiratory pleural pressure conditions whereas there is premature closure of the aortic valve because of the increasing left ventricular aortic pressure gradient. This would explain why the value for isovolumic contraction time in group 8 is low; that it is the lowest may merely be the result of the end-expiratory fluctuation found in groups 6 and 7 (see above).
If all of systole occurs in inspiration-that is inspiration starts during isovolumic contraction and both intervals are affected by the decrease in pleural pressure-the difference in isovolumic contraction 133 time between the two beats increases, whereas the difference in ejection time decreases. These differences were not statistically significant; but this was probably because there were too few subjects in whom inspiration started during isovolumic contraction for such a difference to become apparent (table 3) .
DIASTOLIC TIME INTERVALS
The high levels of significance for the associations between systolic time intervals and phase of respiration reflect the fact that the contractile phase of the cardiac cycle is more dependent on respiration than the relaxation and filling phase. (table 3 ). In such beats the ejection time is immediately shortened by the increasing pressure gradient between left ventricular and aortic pressure. The next isovolumic relaxation remains effectively unchanged and the filling time is significantly prolonged. This may be explained by the efficient initial contraction of the left ventricle during the isovolumic contraction which still takes place in expiration-that is before the relative increase in afterload occurs. The lack of change in isovolumic relaxation is consistent with the model of a coupling between contraction and relaxation. This coupling has been described on the basis of the release and subsequent uptake of calcium by the sarcoplasmic reticulum.3234 More recently it has also been postulated that during contraction energy stored in the microstructure of the cardiac muscle cell and in the connective tissue surrounding the cells is released during diastole actively to relax and expand the heart.35 This energy stored during the end expiratory isovolumic contraction would accordingly result in an unchanged isovolumic relaxation despite the fact that inspiration has already begun. It would also maintain the factors responsible for fast filling during end expiration and, together with the fact that the left atrium is still well filled,36 lead to a filling time typical of end expiration. Apart from a shortened ejection time, such beats would therefore display the characteristics of an end expiratory beat. The decrease in ejection time implies a shorter RR interval and, as filling time is highly dependent on RR interval, the corrected filling time is in fact longer than it would normally be for a beat of this duration. If on the other hand a beat occurs completely after the start of inspiration, the intrathoracic pressure affects not just ejection but the complete left ventricular systole, with the consequences for relaxation and filling ( 
